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Introduction
Cirrhosis, the endpoint of liver damage caused by various liver diseases, is already a major cause of death worldwide, and is becoming more prevalent due to emerging epidemics of chronic alcohol-and obesity-related liver disease. Currently, there are no effective drug approaches to prevent or reverse cirrhosis in individuals with ongoing liver injury. Because liver transplantation is a viable option for only a minority of these patients, new preventative and therapeutic approaches for cirrhosis are desperately needed [1] . Success will require improved understanding of fundamental mechanisms that control cirrhosis pathogenesis.
Cirrhosis results from progressive replacement of functional liver parenchyma by fibrous scar. Fibrosis is driven by myofibroblasts (MF) that accumulate as part of wound healing responses that are triggered by tissue injury. Most of the MF in chronically injured livers derive from hepatic stellate cells (HSC) that are quiescent (i.e., not proliferative or fibrogenic) in healthy livers [2, 3] . MF-HSCs have many roles in wound healing. In addition to being major sources of fibrous matrix, MF-HSCs generate factors that regulate hepatocyte proliferation and viability, modulate immune cell recruitment to the damaged liver, control remodeling of the hepatic vasculature, and mediate the growth and differentiation of progenitor populations [4] . These functions are critical for the regeneration of healthy hepatic parenchyma as evidenced by the fact that preventing MF accumulation blocks regeneration of the liver after partial hepatectomy [5] . Importantly, MF accumulation is a transient phase of effective liver regeneration, while cirrhosis is characterized by persistence of large numbers of MF-HSC [3] . Hence, mechanisms that control the size of the hepatic MF-HSC population dictate whether or not liver tissue is regenerated during injury or progressively replaced by scar. Delineating these mechanisms will identify tractable targets to optimize effective liver regeneration and thus, prevent cirrhosis.
We evaluated the hypothesis that RNA binding proteins (RBPs) orchestrate critical fate decisions in HSCs to control the size of the hepatic MF-HSC population. RBPs link the cellular transcriptome and proteome by directly binding to discrete motifs on specific RNA molecules in order to coordinate the localization, stability, and translation of families of mRNAs with related RBP binding sites. As such, RBPs refine the actions of microRNAs and long noncoding RNAs, together forming RNA regulons that orchestrate changes in the expression of multiple genes that must be coordinately regulated to affect complex phenotypic changes, such as proliferation and differentiation [6] . The significance of RBPs as cell fate regulators is exemplified by evidence that they are highly evolutionarily conserved in stem-like cells from sea urchins to mammals [7] . Although the role of RBPs in HSC biology is virtually unstudied, this level of regulation is likely to be important because HSC are liver-resident members of a ubiquitous mesenchymal stem cell-like pericyte population [8] . Further, it is well established that the inherent plasticity of HSC enables them to undergo reversible reprogramming in response to liver injury [9, 10] . For example, enrichment of the microenvironment with TGF-β, an injury-induced fibrogenic factor, stimulates Q-HSC to acquire a proliferative myofibroblastic phenotype, and some of these MF-HSC revert back to the basal, more quiescent, phenotype as tissue injury resolves and TGF-β levels dissipate [11] . We propose that the size and activity of the MF-HSC population can be controlled therapeutically during liver injury by targeting RBPs that regulate HSC differentiation.
Herein, we report the results of studies that revealed that expression of specific RBPs changes significantly as Q-HSC differentiate to become MF-HSC, both in vitro and in vivo. Importantly, several of these differentially expressed RBPs have been reported to regulate epithelial-to-mesenchymal transitions and mesenchymal-to-epithelial transitions (EMT/MET) in other cell types with high phenotypic plasticity, including stem-like cells. Unexpectedly, we discovered that silencing a single RBP in HSC was sufficient to alter steady state mRNA levels of thousands of genes, and subsequent gene enrichment analysis revealed that this particular RBP is a master regulator of TGF-β signaling, an acknowledged driver of myofibroblastic differentiation in HSC. 
Materials and Methods

Mouse HSC Isolation
Primary HSC were isolated from WT mice using standard approaches [12] . Cells were pooled from at least 6 mice for each experiment (total n ≥ 40 mice) and all experiments were repeated at least three times to assure data reproducibility. Briefly, after in situ perfusion of the liver with pronase (Roche) followed by collagenase D (Roche), dispersed cell suspensions were layered on a discontinuous density gradient of 8.2 and 15.6% Histodenz (Sigma-Aldrich). The resulting upper layer consisted of >96% HSCs. The viability of all cells was verified by phase contrast microscopy and propidium iodide exclusion. The viability of all cells utilized for culture was >98%. Isolated HSC were seeded at a density of 3×10 2 cells/μm 2 in DMEM (Invitrogen) supplemented with 10% FBS, streptomycin and penicillin, and non-adherent cells and debris were rinsed away 2 h after initial plating.
Animal Models
Residual frozen liver tissues from previously reported experiments in bile duct ligated (BDL) rats with and without Roux-en-Y biliary-intestinal anastomosis and sham-operated controls [13] were processed to obtain RNA for qRT PCR analysis. Fibrotic livers of male mice treated with CCl 4 for 6 or 10 weeks were obtained as previously described [14] . Briefly, C57BL/6 mice at 7 weeks old received carbon tetrachloride (CCl 4 , 0.6ml/kg body weight) or corn oil by intraperitoneal injection twice a week for 6 (n=5) or 10 weeks (n=6). Animal care and surgical procedures were approved by the Duke University and Pusan National University Institutional Animal Care and Use Committees, and carried out in accordance with the provisions of the NRC Guide for the Care and Use of Laboratory Animals.
Human Subjects
De-identified frozen tissues from percutaneous liver biopsies of 11 NAFLD (fibrosis stage 0, n=3/ 1-2, n=5/ 3-4, n=3) patients with histologically staged fibrosis were obtained from the Duke University School of Medicine Tissue Bank Shared Resource and studied in accordance with NIH and institutional guidelines for human subject research.
Igf2bp3 siRNA transfection
Freshly-isolated primary mouse hepatic stellate cells or human low-passage myofibroblastic stellate cells (obtained from ThermoFisher Scientific, Waltham, MA) were cultured in 10% fetal bovine serum (FBS, Gibco, Life Technologies) and 1% penicillin/streptomycin (P/S, Gibco, Life Technologies) at 37°C in a humidified atmosphere containing 5% CO 2 for 3 days. Before transfection with siRNA, the cells were serumstarved for 24 hours, and then cultured in antibiotic-free medium with 2% FBS for 24 hours. Cells were transfected with 25 nM of human (L-003976) or mouse Igf2bp3 (L-059667) SMART-pool siRNA, a mixture of four siRNAs (Dharmacon, Lafayette CO, USA) using Lipofectamine RNAiMAX (Invitrogen, Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. As a negative control group, 25 nM of nontargeting siRNA (D-001206 non-targeting siRNA, siCONTROL; Dharmacon, Lafayette CO, USA) transfected human or mouse HSCs. These cells were harvested at 24h and 48h after transfection, and both RNA and protein were extracted for gene expression analysis. The efficiency of gene knockdown was evaluated by qRT-PCR and Western blot assays.
Quantitative real-time PCR
Fresh cells or liver tissue that had been stored at -80°C were extracted with TRIZOL™ (Ambion® by Life Technologies) to obtain total RNA. After assuring sufficient RNA quality and concentration, gene expression was evaluated by qRT-PCR analysis. mRNAs were quantified by real-time RT-PCR using SYBR Green PCR master mix (Applied Biosystems) using a StepOnePlus™ Real-Time PCR System (Applied Biosystems). The sequences of primers to detect mouse and human genes are listed in Table I 
Cell Proliferation (CCK8 and BrdU) assay and Scratch assay
Cell proliferation was measured with a Cell Counting Kit-8 Assay (Dojindo Molecular) and BrdU as described previously [15, 16] . Briefly, cells were plated at a density of 2 × 10 3 cells per well in 96-well plates, with the indicated treatment and time. After transfection, adding the CCK8 and BrdU reagent, the plates were incubated in a CO 2 incubator at 37 °C until the color developed. Absorbance was then measured at each wavelength of reagent using an ELISA plate reader. Standard wound healing assays were performed by growing cells to a confluent monolayer, and making a manual scratch using a 200 μL pipette tip. Floating cells were washed out and fresh medium containing transfection reagent with Igf2bp3 siRNA or nontargeting siRNA was added. The width of each scratch was recorded by taking photographs (×20) using an Olympus inverted microscope (Olympus Optical Co., Ltd.) at time 0, and 24, 36 and 48 hours after the scratch and transfection. Empty area at each time point was quantified with NIH image J software (version 1.49, NIH http://imagej.nih.gov/ij/) and compared with that in the initiation of cell migration.
Pharmacologic inhibition of TGF-βR-1 signaling in human or mouse primary HSC
Human hepatic stellate cells were cultured in medium supplemented with 10% FBS to 70~80% confluency, and starved in 0.2% FBS-containing medium. After 24 hours, cells were incubated with 10 μM SB431542 (Selleckchem, Houston, TX, USA), an inhibitor of TGF-βR1 kinase, or with vehicle overnight (16 hours), and then total RNA was extracted from three parallel cultures. Gene expression was assessed by qRT-PCR.
Isolated mouse primary HSCs were cultured with 10 μM SB431542 or 10 ng/ml TGF-β for 7 days, or cultured for 4 days with SB431542 and then an additional 3 days with SB431542 plus TGF-β. After 7 days, cells were harvested and RNA extracted to test for gene expression by qRT-PCR.
Calculation of EMT Scores
Epithelial and mesenchymal gene expression signatures from both Tan et al. [17] and Groger et al. [18] were used in calculating the scores. Scores were computed as described in Tan et al [17] . Briefly, the signatures were applied to mouse Q-HSC and MF-HSC microarray data from Chen et al [19] . The empirical cumulative distribution function was estimated for each signature on the ranked-ordered RNA abundance of mouse Q-HSC or mouse MF-HSC cells. A two-sample Kolmogorov-Smirnov test was applied to calculate the difference between the signatures. The more positive a score the more mesenchymal-like and the more negative the more epithelial-like, with transitional cells appearing in between with a score closer to zero. 
Statistical analysis
Results are expressed as mean±SEM. Statistical differences were determined by Student's t-test or one-way ANOVA using SPSS Statistics 20, followed by Scheffe' post hoc test. P-values less than 0.05 were considered to be statistically significant.
Results
RBPs are differentially expressed in quiescent and myofibroblastic HSCs
To identify RBPs that changed during the myofibroblastic differentiation process, we performed microarray analysis of mouse MF-HSC and Q-HSC [19] , and discovered that several RBPs were significantly induced, while others were significantly repressed (Fig. 1A , B). Because none of these RBPs were known to function in HSC, we did a literature search to determine if any of the differentially-expressed HSC RBPs had been reported to regulate fate decisions in other stem-like cells. Igf2bp3 (also known as IMP3) was the most upregulated RBP during HSC differentiation. Interestingly, we found many publications addressing IGF2BP3's significance in various stem cell populations, with evidence indicating that IGF2BP3 is considered to be an oncofetoprotein that controls epithelial-to-mesenchymal transitions (EMT) and viability in tumor initiating stem-like cells of several GI epithelial cancers, including pancreatic adenocarcinoma, cholangiocarcinoma, and hepatocellular carcinoma [20] [21] [22] [23] . CELF2, another RBP that was significantly induced during myofibroblastic differentiation of HSC, has been strongly linked to EMT in other types of stem-like cells, including those involved in hepatocarcinogenesis [24] . Conversely, RBM47, an RBP that was profoundly suppressed in MF-HSC relative to Q-HSC, has been shown to promote mesenchymal-to-epithelial transitions (MET) in pluripotent stem cells derived from mouse embryonic fibroblasts [7, 25] . Therefore, our subsequent studies in HSC and injured livers focused on IGF2BP3, CELF2 and RBM47.
Expression of RBPs that regulate epithelial-to-mesenchymal and mesenchymal-to-epithelial transitions (EMT/MET) changes during HSC activation and fibrogenesis
qRT PCR and Western blot analyses were done to compare mRNA and protein levels of Igf2bp3, Celf2 and Rbm47 in freshly isolated mouse HSC versus mouse HSC that had been cultured under standard conditions to induce their differentiation Microarray analysis was performed on RNA isolated from quiescent (Q)-HSCs (d0; immediately after isolation) and myofibroblastic (MF)-HSCs (d7; cultured for 7 days to induce myofibroblastic differentiation) in triplicate [19] . Fold changes in RBPs are shown for upregulated genes (A) and down-regulated genes (B). (C) qRT-PCR for Celf2, Igf2bp3, and Rbm47, and immunoblots for Celf2, Igf2bp3, and Rbm47 in quiescent (d0) and cultureactivated HSCs (d7) isolated from mice (**p<0.005 vs d0). In Western blot assays, β-actin was used as an internal control for densitometry analysis. Cellular Physiology and Biochemistry
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into MF-HSC. In mouse HSC (Fig. 1C) , expression of these genes and proteins changed as predicted by the microarray assay, demonstrating that Igf2bp3 and Celf2 (the pro-EMT RBPs) were significantly up-regulated, while Rbm47 (the pro-MET/anti-EMT RBP) was significantly down-regulated, while Q-HSC activated and acquired myofibroblast markers (e.g., alpha smooth muscle actin, α-SMA, Tgfβ1, Snai1, Ctgf) in vitro. To determine if similar reciprocal regulation of pro-and anti-EMT RBPs occurred as Q-HSC become MF-HSC in vivo, we compared mRNA expression of the respective RBPs in the livers of healthy control mice and mice with liver injury. Compared to control livers, CCl 4 -injured livers expressed significantly higher levels of Igf2bp3 and significantly lower levels of Rbm47 mRNA, as well as increased whole liver IGF2BP3 protein ( Fig. 2A) , consistent with our in vitro evidence that HSC differentiation is characterized by differential expression of these RBPs. To further investigate that possibility, we evaluated RBPs in a rat model of reversible liver fibrosis in which a fibrogenic insult (biliary obstruction due to bile duct ligation, BDL) is removed by constructing a Roux-en-Y (RY) biliary-intestinal anastomosis to decompress the obstructed biliary tree in rats. Biliary decompression reverses the chronic cholestatic liver injury and promotes regression of the cholestasis-associated liver fibrosis [26] . As predicted by our other studies, livers with BDL-related fibrosis expressed lower levels of Rbm47 than livers of sham-operated control rats, and expression of Rbm47 recovered to baseline levels of the sham-operated controls within one week of reversing the biliary obstruction in the BDL group by constructing RY anastomoses (Fig. 2B) ; other RBPs were not significantly affected by BDL (Fig. 2C) . In addition to confirming the reciprocal relationship between fibrogenic 
factors and Rbm47, these data demonstrate the dynamic nature of the RBP response and suggest that recovery of the anti-EMT/pro-MET RBP profile readily occurs even in chronically fibrotic livers.
Because the ultimate goal of our preclinical research is to identify novel therapeutic targets in humans with advanced liver fibrosis, we first tested whether myofibroblastic, lowpassage primary human stellate cells (hMF-HSC) express RBPs, and find that IGF2BP3 and CELF2 mRNAs are expressed comparably to S9 control or the myofibroblast marker α-SMA (Fig. 2D) . Further, both IGF2BP3 and CELF2 are readily detected as proteins by western blot compared to protein lysates of normal human liver (NL, Fig 2E) . In contrast, RBM47 RNA (the anti-EMT/pro-MET factor) is expressed at much lower levels in hMF-HSC and although RBM-47 protein is apparent on western blots of NL, it is not detected by similar analysis of hMF-HSC lysates (Fig 2E) . We then compared expression of IGF2BP3 (the RBP that was most strongly associated with the MF-HSC phenotype and liver fibrosis in our preclinical models) in liver biopsy samples from patients with nonalcoholic liver disease (NAFLD) and different stages of liver fibrosis. Compared to livers with no fibrosis (F0) or mild fibrosis (F1, F2), livers with advanced fibrosis (F3, F4) expressed significantly higher levels of IGF2BP3 (Fig. 2F ). RBM47 and CELF2 did not show significant differences (Fig 2G) . Therefore, the aggregate data in cultured mouse and human HSCs, in mouse and rat models of liver fibrosis, and in human liver disease identify three RBPs that are known to regulate EMT/MET in stem-like cells, as potentially novel targets to control the size of HSC-derived populations and prevent the evolution of cirrhosis during liver injury. Of these, IGF2BP3 appears the RBP that best correlates with liver injury and disease and thus, the remainder of our studies focus mainly on IGF2BP3.
IGF2BP3 depletion changes HSC gene expression and biology
To determine the role of IGF2BP3 in regulating these fate changes in HSC, we used siRNA constructs to knock down IGF2BP3 in human MF-HSC (Fig. 3A) and used RNA-seq to compare the transcriptomes of IGF2BP3-depleted MF-HSC and control MF-HSC. Depleting IGF2BP3 altered the expression of thousands of genes, and gene ontogeny/gene set enrichment analysis demonstrated that genes involved in TGF-β signaling, regulation of cell viability and proliferation, and EMT were among the top categories of genes that were down-regulated by IGF2BP3 depletion (Fig. 3B) . qRT PCR and/or Western blot analysis confirmed that depleting IGF2BP3 suppressed expression of TGF-β1, reduced expression of TGF-β-regulated transcription factors that promote EMT (e.g., Twist1, Snai1) and decreased expression of MF-associated genes (e.g., α-SMA, Col1α1, Ctgf) but tended to increase expression of the epithelial marker, E-cadherin (Fig. 3C) . To confirm that changes in gene expression had functional consequences, we assessed effects of IGF2BP3 depletion on proliferation (Fig. 3D) and migration (Fig. 3E) , two key characteristics of HSC-derived MFs. Compared to MF-HSC treated with non-targeting (nt) control siRNA, IGF2BP3-depleted MF-HSC were significantly less proliferative and their migratory activity was reduced by more than 50%, suggesting that IGF2BP3 typically promotes the proliferative, myofibroblastic HSC phenotype. Therefore, the aggregate data from RNA-seq, qRT PCR, and Western blot analyses complement and confirm the functional data showing that IGF2BP3 supports the myofibroblastic HSC phenotype. Interestingly, IGF2BP3-depleted HSC also expressed lower levels of CELF2 mRNA (Fig. 3A) and protein (Fig. 3C) , suggesting that IGF2BP3 might promote the expression of at least one other pro-EMT RBP. In contrast, depleting IGF2BP3 did not seem to influence expression of RBM47, the RBP with putative anti-EMT/pro-MET activity (Fig. 3A, C) .
Transcriptome analysis demonstrates that HSC are hybrid epithelial-mesenchymal cells
The concept that HSC transition back and forth between quiescence and their myofibroblastic phenotype by undergoing EMT/MET-like processes that are regulated by RBPs suggests that HSC may have some characteristics of transitional (also dubbed "hybrid") cells. Emerging evidence suggests that some hybrid cells, including stem-like/progenitor cells, may remain in the hybrid state indefinitely until triggered to acquire either a more [8, [29] [30] [31] and reports indicate that HSC co-express epithelial and mesenchymal markers in certain contexts [5, 29, 30, 32, 33] . We evaluated the transcriptomes of Q-HSC and MF-HSC using genomic signatures generated from multiple meta-analyses in malignancy and embryogenesis, states that are known to be controlled by EMT/MET in stem-like cells. Wellaccepted algorithms applied to these signatures can distinguish epithelial or mesenchymal cells from transitional/hybrid cells [17, 18] . When applied to our mouse HSC RNA sequencing data [19] , these algorithms indicate that primary HSCs fulfill gene expression criteria for transitional cells, i.e., they co-express numerous epithelial and mesenchymal genes (Fig.  4A, B) . We also observed that HSC cells acquire a more mesenchymal-like expression signature during activation of the myofibroblastic phenotype. Importantly, co-expression of certain epithelial genes is maintained even after HSCs acquire a myofibroblastic phenotype, consistent with reports that MF-HSC retain sufficient plasticity to undergo reprogramming back to a more quiescent and less mesenchymal state [9, 10, 32] .
IGF2BP3 physically interacts with HmgA2 mRNA to stabilize expression of this master regulator of epithelial-mesenchymal transitions during HSC differentiation
In other cell types Igf2bp3 promotes EMT, in part, by directly binding to and stabilizing mRNA encoding Hmga2, a master regulator of other pro-EMT transcription factors, including Twist1 and Snai1 [28] . We found that Twist1 and Snai1 were sensitive to Igf2bp3 depletion (Fig. 3C) . Therefore, we used several complementary approaches to evaluate the possibility that Igf2bp3-Hmga2 interaction may be involved in Igf2bp3's pro-EMT activity in HSC. Microarray analysis of primary mouse HSCs demonstrated that like Igf2bp3 (Fig.  1A) , Hmga2 expression increased significantly during myofibroblastic differentiation of HSC (Fig. 5A) . RNA immunoprecipitation (RIP) of IGF2BP3 in human MF-HSCs confirmed direct physical interaction between IGF2BP3 protein and Hmga2 mRNA (Fig. 5B) . Further, separate experiments that used siRNA to deplete IGF2BP3 in MF-HSC demonstrated that net mRNA expression of Hmga2 fell significantly when IGF2BP3 expression was reduced (Fig.  5C ). Parallel decreases in HMGA2 protein were confirmed by ELISA (Fig 5D) . Together, these data support the concept that IGF2BP3 directly interacts with and stabilizes Hmga2 mRNA to promote EMT in HSC, as has been reported to occur in other cell types [23] .
IGF2BP3 promotes MF-HSC growth and proliferation by stabilizing the insulin like growth factor pathway and cyclin-dependent kinase 6
Myofibroblasts typically thrive and proliferate in TGF-β-enriched microenvironments, and our RNA-seq/Gene Ontogeny analyses indicated that IGF2BP3 depletion reduces TGF-β signaling and inhibits cell growth and proliferative activity (Fig. 3) . In other cell types, TGF-β induces IGF2BP3 [21, 34] and IGF2BP3 enhances cell growth by enhancing insulin- [17] . The further the signature is to the right of the plot indicates that a higher proportion of the genes in the signature are among the most abundantly expressed genes in the sample. EMT scores are on a scale of -1 to +1, with positive scores indicating more mesenchymal, negative scores more epithelial, and transitional cells closer to zero. (B) The same analysis using the epithelial and mesenchymal signatures from the meta-analysis by Groger et al [18] . [35, 36] . Our HSC microarray analysis confirmed that expression of Igf1R and Igf2bp1 both increase in parallel with Igf2bp3 as mouse Q-HSC differentiate into MF (Fig. 6A) , and HSC growth and viability are known to depend upon PI3K/AKT activity [37] . Therefore, Igf2bp3-mediated enhancement of IGF1R signaling is predicted to promote the growth of MF-HSC and likely explains why we observed that IGF2BP3 depletion inhibited MF-HSC growth in culture (Fig. 3D) . IGF2BP3 is also known to directly bind to and stabilize expression of CDK6 [38] [39] [40] , a kinase that interacts with cyclin D3 to promote proliferation in hepatocellular-and cholangio-carcinomas [41] . We found that depleting IGF2BP3 reduced the proliferative activity of MF-HSC, as evidenced by decreased incorporation of BrdU (Fig. 3D) . Hence, we used RIP to determine if IGF2BP3 directly interacts with and stabilized Cdk6 mRNA in MF-HSCs. IGF2BP3 immunoprecipitates were significantly enriched with Cdk6 mRNA (Fig. 6B ) and knocking down IGF2BP3 significantly decreased steady state levels of Cdk6 mRNA (Fig. 6C ) and protein content ( Fig  6D) , showing that IGF2BP3 stabilizes Cdk6 in HSC and suggesting an additional mechanism for the trophic actions of IGF2BP3 in MF-HSC.
Igf2bp3 is both a target and effector of TGF-β signaling in HSCs
Having shown that Igf2bp3 plays significant roles in promoting the myofibroblastic fate of HSC, we wished to identify mechanisms that regulate HSC expression of IGF2BP3. In other cell types IGF2BP3 induction is a downstream consequence of signaling initiated by TGF-β and involves TGF-β-mediated down-regulation of Let7 microRNAs that typically suppress expression of Igf2bp3 mRNA [42] . We profiled microRNAs in primary mouse HSC at various points during the process of culture-induced myofibroblastic differentiation and discovered that freshly isolated Q-HSC robustly express Let7i. Further, we found that expression of Let7i progressively declines to a fraction of the basal levels by culture day 7 (Fig. 7A) when the stellate cells are fully myofibroblastic and express 80-fold higher levels of Igf2bp3 mRNA (Fig. 1C) . qRT PCR analysis of RNA from freshly-isolated and culture-activated mouse HSC confirmed expected increases in the expression of Tgf-β1 and Tgf-β receptor-1 (Tgf-βR1) in MF-HSC relative to Q-HSC (Fig. 7B) , consistent with many reports demonstrating that production of TGF-β1 by MF-HSC functions in an autocrine fashion to maintain their myofibroblastic phenotype (reviewed in [1, 4] ). In accordance with this concept, the typical culture-related induction of several myofibroblast-associated genes, including Igf2bp3, α-SMA and Col1α1, was significantly attenuated in HSC that were cultured with the Tgf-β receptor-1 inhibitor, SB431542. Conversely, adding Tgf-β1 to HSC cultures further enhanced induction of Igf2bp3 and the other myofibroblast markers, and these effects were blocked by SB431542 (Fig. 7C) . Importantly, treating low passage hMF-HSC with this TGF-βR1 -inhibitor (which is known to suppress the myofibroblastic phenotype in HSC [43] and which reduced α-SMA expression in our hMF-HSCs by ~75%), increased Let7i and coincidentally suppressed accumulation of Igf2bp3 mRNA (Fig. 7D) . These results show that Igf2bp3 is a target of TGF-β signaling in HSCs and suggest that Let7 miRs are the proximal mediators of TGF-β-dependent induction of Igf2bp3 in these cells, as has been noted in other cell types [42] . Importantly, gene enrichment set analysis of RNA-seq data from human pHSCs that were treated with IGF2BP3 siRNA demonstrate that depletion of IGF2BP3 itself abrogates the effects of TGF-β signaling on multiple other TGF-β targets that promote typical traits of MF-HSC (Fig. 7E) . The latter include TGF-β-induced genes that enhance HSC proliferative and migratory capabilities, two key functions of MF-HSC that were inhibited by knocking down Igf2bp3 (Fig. 3D, E ).
Discussion
Our study is the first to show that TGF-β, a master regulator of liver fibrosis, drives myofibroblastic differentiation of HSCs by regulating microRNAs (e.g., Let7) that target RNA binding proteins (e.g., Igf2bp3), which orchestrate coordinated changes in the expression of thousands of genes so that HSC can escape quiescence to become (and remain) proliferative myofibroblasts (Fig. 7) . These findings have exciting therapeutic implications for cirrhosis because cirrhosis results from the excessive and persistent accumulation of HSC-derived myofibroblasts (MF-HSC), regardless of the primary cause of liver injury [2] . Our RNA- 
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Cellular Physiology and Biochemistry seq data show that Igf2bp3 is a distal, but critical, downstream effector of TGF-β signaling because knocking it down is sufficient to abrogate the effects of TGF-β on multiple processes that enable HSC to acquire and retain a proliferative, myofibroblastic state in culture. Consequently, migratory capacity, proliferative activity, fibrogenesis, and growth were all significantly inhibited in Igf2bp3-depleted HSC, and the cells reverted to a more quiescent phenotype despite persistent exposure to culture conditions that promoted myofibroblastic traits in wild type HSC. We also found that hepatic expression of Igf2bp3 increases in parallel with MF accumulation and fibrosis severity in both mouse and rat models of liver fibrosis, and in patients with nonalcoholic fatty liver disease. In aggregate, these discoveries justify further research to determine whether preventing Igf2bp3 accumulation will also prevent MF accumulation and block fibrosis progression in injured livers. This possibility is highly credible based on evidence that simply blocking Igf2bp3 accumulation in intact mice was sufficient to prevent hepatocarcinogenesis [21, 42] , another complex pathologic process that requires Ifg2bp3-expressing stem-like cells [44] . Evidence that reducing Igf2bp3 might inhibit both liver fibrosis and carcinogenesis is particularly exciting given that cirrhosis is the major risk factor for primary liver cancer [45] . Consensus about the importance of Igf2bp3 as a conserved regulator of cell plasticity is emerging [46, 47] . However, Igf2bp3 is merely one of several RBPs that have been shown to regulate epithelial-to-mesenchymal transitions (EMT) and mesenchymal-to-epithelial transitions (MET) during development and carcinogenesis. Indeed, we discovered that Celf2 and Rbm47, two other RBPs that have been reported to reciprocally regulate EMT/MET in stem-like cells [7, 24] , are also differentially regulated as HSC become MF. Although relatively little is known about the RBP interactome that controls these complex fate decisions in any cell type, we found that knocking down Igf2bp3 also suppressed accumulation of Celf2 in HSC. Thus, we propose that these two RBPs may be components of a larger RNA regulon that orchestrates EMT. Defining this regulon will be important because the capacity for EMT/MET is a defining characteristic of hybrid cells (i.e., highly plastic cells that typically co-express epithelial and mesenchymal genes) [28] , and many stem/progenitor-like cells are hybrid cells [48] . Our analyses of HSC microarray and RNA-seq data confirmed that HSC fulfill accepted criteria for "hybrid" cells, supporting evidence that HSC are liver-resident members of a larger mesenchymal stem cell-like pericyte population. It is generally accepted that these tissue-resident pericyte populations give rise to the bulk of the fibrogenic myofibroblasts that drive organ fibrosis. Hence, the concept that RNA regulons might be targeted in such cells to reduce their content of multiple different proteins that, together, support an undesirable, myofibroblastic phenotype is novel for the fibrogenesis field and has implications that extend beyond cirrhosis per se. This approach might be particularly attractive from a therapeutic risk/benefit perspective in adults with chronic injury in some, but not other, tissues because our liver data suggest that assembly of the putative Igf2bp3-related EMT regulon is significantly induced by injury but negligible in healthy tissue. 
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